Methacrylate polymers containing pendant cyclic groups such as adamantane and main chain cyclo-olefin polymers with or without maleic anhydride have emerged as the polymers of choice for 193 nm lithography. We have been optimizing resist formulations containing poly(2-methyladamantyl methacrylate-co-mevalonic lactone methacrylate) as well as copolymers based on derivatives of norbornene and maleic anhydride. Lithographic results so far indicate that the methacrylate containing formulations are particularly advantageous for 1:1 dense lines and contact hole applications, whereas the cyclo-olefin based formulations show superior performance for semi-dense and isolated line applications. It is expected that resist materials based on these chemistries would be used for the first generation device manufacturing. In this paper we would like to present the lithographic results of AZ®EXP AXTM 1020P, AZ®EXP AXTM 1030P, and AZ®EXP AXTM2000P resists which have been designed for contact hole, dense and isolated line applications, respectively. In addition, some of the common issues of current 193nm resists are discussed, such as line-width slimming, line-edge roughness and shelf life.
Methacrylate polymers containing pendant cyclic groups such as adamantane and main chain cyclo-olefin polymers with or without maleic anhydride have emerged as the polymers of choice for 193 nm lithography. We have been optimizing resist formulations containing poly(2-methyladamantyl methacrylate-co-mevalonic lactone methacrylate) as well as copolymers based on derivatives of norbornene and maleic anhydride. Lithographic results so far indicate that the methacrylate containing formulations are particularly advantageous for 1:1 dense lines and contact hole applications, whereas the cyclo-olefin based formulations show superior performance for semi-dense and isolated line applications. It is expected that resist materials based on these chemistries would be used for the first generation device manufacturing. In this paper we would like to present the lithographic results of AZ®EXP AXTM 1020P, AZ®EXP AXTM 1030P, and AZ®EXP AXTM2000P resists which have been designed for contact hole, dense and isolated line applications, respectively. In addition, some of the common issues of current 193nm resists are discussed, such as line-width slimming, line-edge roughness and shelf life. polymers with [5] [6] or without malefic anhydride moieties [7] [8] . While both systems have advantages and shortcomings (explained later), they show promising results and are strong candidates at least for first generation device manufacturing. Using binary masks and no optical tricks, dense line linear resolution down to 0.12µm, isolated line (IL) resolution well below 0.10µm, and contact hole CD of as low as 0.14µm are achievable with significant process margins. However, similar to 248nm resists, it is most likely that no single resist formulation will satisfy dense, semi-dense, iso and contact performance, and therefore it is the task of the resist suppliers to optimize formulations for each application. Furthermore, they also need to solve some of the critical resist related issues in the near future such as (1) line width shrinkage in the SEM, (2) lineedge roughness, and (3) shelf life stability.
We have been pursuing two different chemistries for the optimization of 193nm resist formulations, which are a methacrylate system consisting of mevalonic lactone methacrylate (MLMA) and 2-methyladamantyl methacrylate (2-MAdMA) J. Photopolym. 5c1. Technol., Vol. 13, No.4, 2000 (Scheme 1) [9] [10] [11] , and a norbornene-malefic anhydride system, in which derivatives of norbornene [2-Hydroxyethyl-5-norbornene-2-carboxylate (HNC), t-butyl-5-norbornene-2-carboxylate (BNC), and 5-norbornene-2-carboxylate (NC)] are used to impart the necessary functional properties (Scheme 2) [12] [13] .
The methacrylate polymers are easily synthesized but care must be exercised in the synthesis and purification of some of the annelated monomers such as mevalonic lactone methacrylate (MLMA) which is prone to an elimination reaction. Initial synthesis costs are high due to the high cost of the starting material mevalonic lactone itself, but it is expected that innovative new methods to make this material as well as a general reduction in cost due to scale-up will make it possible to meet the resist cost targets. In addition, cheaper alternative monomers may also be employed to reduce cost. However, in our hands MLMA offers several advantages in terms of performance and continues to be our monomer of choice. In contrast, the derivatives of norbornene monomers are easily synthesized in quantitative yields and are much cheaper. However, the polymer yields are poor, and strict control of moisture is necessary during and after polymerization to prevent the hydrolysis of malefic anhydride and to provide the required shelf life stability. More details on the control of polymer synthesis and reproducibility have been published elsewhere [13] . . Film thickness was measured on a Prometrix tool. After exposure, the wafers were post exposure baked and developed using 2.38 wt% aq. TMAH at 23 °C. The crosssections of the developed patterns were observed by scanning electron microscopy. Blanket polysilicon etch rate measurements were done on a LAM 9400 machine at 450W145W1 20mT/200sccm HBr/75sccm Cl2/ 10 He-02 /65 °C. Oxide etch rates were measured on AMT-5300 machine at 2800W/1400W/ 5mT/ 40sccm C2F6/95 sccm Ar/ l 0°C.
Line width slimming (LWS) measurements
Line width slimming under the influence of electron beam exposure during CD SEM measurements were carried out on a KLA 8100 tool. The line width change over a period of time was measured automatically using a 50 % or 90 % threshold at 600V. An average of three The resist shows good linearity ( Figure 1 ) and resolution capability ( Figure 2 ) down to 0.12µm using a binary mask. An unusual characteristic of this chemistry that the final resolution is also the In a recent study of seven acrylate-and three cyclo-olefin-based resists, AZ®EXP AXTM 1020P resist showed by far the smallest overall iso-dense bias [resist A4 in reference 14]. The isolated line to 1:3, 1:2 and 1:1 L/S bias was measured to be 7.9, 9.5 and 8.5 nm, respectively. The low iso-dense bias of AXTM 1020P and AXTM 1030P is believed to be attributable to the formation of a strong diffusion well in the exposed area [15] . The diffusion of the acid into the unexposed area is slow due to the rapid rise of the glass transition temperature at the edge of the aerial image.
The resists also show low iso-dense bias for trench applications. Figure 3 shows the DOF performance of 0. Lower 6 conditions have traditionally been chosen for contact hole exposures in DUV resists to enhance the isolated contact performance which is negatively impacted by the high positive bias of the isolated contacts. This resist bias is then counteracted by the optical effects of varying 6 for different pitches ("ringing" phenomenon). For lowbias resists such as the AXTM 10X0 resist series, Prolith/2 simulations show that higher 6 conditions are more favorable and lead to a higher combined process window for dense and isolated lines (Fig.  7b) . Figure 8 shows the performance on organic bottom A.R.C. for 1:2, 1:3 and 1:4 L/S). The resist shows a significant iso/dense line bias which depends on the processing conditions. With a lower PEB, the iso/dense bias can be somewhat reduced (Fig. 8) , but the best isolated line performance is observed u.1 u U.11 U.11 U.1 U.14 U.15 pm Fig. 8 : L/S performance of AZ®EXP AXTM2000P resist (390 nm,17.5 mJlcm2) for various pitches on 82 nm organic bottom ARC. Process: SB and PEB 110°C, 60 sec, 2.38% TMAH, 30 sec development time. for higher PEB temperatures (Fig. 9, 10 ). Optimization of the process conditions for isolated lines showed that a softbake of 110 °C combined with a PEB of 130 or 140°C lead to a significant improvement of the isolated line resolution. The etch data for AXTM2000 is being measured.
The shelf life stability of AXTM 1020P has been observed for more than six months of real-time aging, and no shift in sensitivity or deterioration in lithographic performance has been observed. In the case of AXTM2000P, more elaborate studies were carried out since it contains a potentially self re2 'tive hvrrnxvethvl arniin (in T-TN(' with the maleic anhydride moieties [13] . Model studies with HNC showed that it did not react with succinic anhydride even at elevated temperature. However, the ring opening reaction occurs to some extent in presence of acid. One observation made in the course of these studies was that strict moisture exclusion is necessary during polymerization and after the polymer has been formulated in to resist avoiding hydrolysis. While accelerated aging in closed bottles gave no indication of anhydride hydrolysis, large photospeed shifts were seen in samples aged at room temperature which were repeatedly opened and closed. Further studies are under progress, and it is believed that acceptable shelf life can be achieved with this type of resist if moisture uptake from the air is strictly prevented.
3.5
Line width slimming during CD measurement on SEM The slimming of line widths under the influence of electron beams during CD measurements has been one of the concerns for 193nm resists. We observed the rate of slimming in a KLA8100 CD SEM by automated measurements of line width over a 10 min time period for 0.15µm and 0.10µm isolated lines. An average of three measurements was taken for each resist. The data was collected at a 50 and 90 % threshold. The CD slimming data is shown for three of the 193 nm resists discussed here, as well as for Formulation 14, which is based on poly(BNC/HNC/NC/MA), in comparison with a 248 nm resist (AZ®EXP DX3359) (Fig. 12) Analysis of the data in Figure 12 indicates an initial fast decay, followed by a medium fast and a slow decay process (Fig. 13) . Assuming a triple exponential decay,
the half-life periods of these three processes can be obtained by a fit of Eq. 1 to the data of Fig. 12 (see Table 1 ). The mechanisms of the different decay processes are unknown at this time. We believe that the fact that the fast and medium-fast processes terminate quickly and at a high remaining CD excludes the possibility that these processes involve deprotection or chain scission. The second process has a similar halflife i2 for all resists, and it is tentatively assumed that this means that identical physical processes must occur for all of them. Interestingly, the first fast process is not observed for the DUV resist, which possibly may show a higher degree of annealing than the 193 nm resists studied here. Based on the above, it is speculated that the fastest process may involve physical compaction and loss of free volume, and the second, medium-fast process could be loss of volatiles, i.e., entrapped solvent. The slow process could then involve polymer chain scission or deprotection.
Further studies are in progress to elucidate the mechanisms of the slimming process.
Conclusions
Resists based on methacrylate and cycloolefin/maleic anhydride polymers have been found to differ in their lithographic performance characteristics: the methacrylate based resists show superior 1:1 dense L/S performance with linearity down to 0.12 µm and very small proximity effects. They also exhibit good C/H performance down to 0.14µm, with the best process window overlap being observed at higher a values. The cycloolefin/maleic anhydride based polymers show good semi-dense (down to 100 nm) and isolated line performance (90-80 nm). This isolated line performance corresponds to a k1 factor of 0.24 or a normalized image log-slope (MILS) value of about 0.55.
The line width slimming observed during CD measurements was found to occur in a triple exponential decay process. The identification of the three component processes is still speculative, and further work is needed to elucidate the mechanisms.
However, if the tentative assignment can be confirmed, it would appear possible to engineer the physical properties of both acrylate and cycloolefin resists to remove the bulk of the CD slimming that occurs in the two faster processes. Table 1) While 193 nm resists have come a long way, a number of issues still need to be addressed before implementation in a manufacturing process, e.g., line edge roughness, line width slimming and dry etch rates.
As the resists mature further, it is expected that the process latitude will continue to improve, which may offer a chance to implement 193 nm resists down to the 100 nm node with weak optical enhancements.
